LLA23, an abscisic acid-, stress-, and ripening-induced protein, was previously isolated from lily (Lilium longiflorum) pollen. The expression of LLA23 is induced under the application of abscisic acid (ABA), NaCl, or dehydration. To provide evidence on the biological role of LLA23 proteins against drought, we used an overexpression approach in Arabidopsis (Arabidopsis thaliana). Constitutive overexpression of LLA23 under the cauliflower mosaic virus 35S promoter confers reduced sensitivity to ABA in Arabidopsis seeds and, consequently, a reduced degree of seed dormancy. Transgenic 35STLLA23 seeds are able to germinate under unfavorable conditions, such as inhibitory concentrations of mannitol and NaCl. At the molecular level, altered expression of ABA/stress-regulated genes was observed. Thus, our results provide strong in vivo evidence that LLA23 mediates stress-responsive ABA signaling. In vegetative tissues, it is intriguing that Arabidopsis 35STLLA23 stomata remain opened upon drought, while transgenic plants have a decreased rate of water loss and exhibit enhanced drought and salt resistance. A dual function of the lily abscisic acid-, stress-, and ripening-induced protein molecule is discussed.
Abscisic acid (ABA) plays important regulatory roles in various aspects of plant growth and development throughout the plant life cycle, particularly in the ability to sense and respond to various unfavorable environmental stresses, including drought, salt, and cold stresses during vegetative growth (Leung and Giraudat, 1998; Finkelstein et al., 2002) . In vegetative tissues, ABA mediates adaptive responses to abiotic environmental stresses. In particular, during drought, ABA promotes stomatal closure and prevents stomatal opening, thus reducing transpirational water loss. During late embryogenesis, ABA promotes the acquisition of desiccation tolerance and seed dormancy and inhibits seed germination (Marcotte et al., 1992; Rock and Quatrano, 1995; Koornneef et al., 2002) . Substantial progress has been made in the characterization of the ABA signal transduction cascades (Bonetta and McCourt, 1998; Leung and Giraudat, 1998; Kang et al., 2002; González-García et al., 2003) . Genes that respond to exogenous ABA applications have been identified (Skriver and Mundy, 1990) , and secondary messengers, such as Ca 21 , cyclic ADP-ribose, and inositol triphosphates, have been implicated in ABA-mediated responses (Wu et al., 1997; Pandey et al., 2000; Viswanathan and Zhu, 2002) . ABA signaling appears to involve a complex network of both positively and negatively regulating components, including kinases, phosphatases, and transcriptional regulators (Finkelstein et al., 2002; Abe et al., 2003; González-García et al., 2003) . However, many of the cellular components and genes involved in ABA reception and downstream transduction have not been well characterized. Recently, Cakir et al. (2003) reported a grape (Vitis vinifera) ABA-, stress-, and ripening-induced (ASR) protein acting as a downstream component of a common transduction pathway for sugar and ABA signals. Although hypotheses have been proposed concerning ASR function, the precise in planta function of the protein remains unclear (Carrari et al., 2004) .
The ASR proteins are characterized as small and heat-stable proteins because of their strong hydrophilicity. ASRs have been reported to be members of the widespread class of hydrophilins, including the seedspecific late embryogenesis abundant (LEA) proteins (Dure et al., 1989) . Subcellular fractionation experiments in tomato fruit (Lycopersicon esculentum) chromatin fractions indicated that tomato ASR1 is located in the nucleus (Iusem et al., 1993) . This result agrees with the fact that most ASR proteins, such as loblolly pine (Pinus taeda), lily (Lilium longiflorum), and melon (Cucumis melo) ASRs, possess a putative nuclear localization signal (NLS) at the C terminus (Padmanabhan et al., 1997; Huang et al., 2000; Hong et al., 2002) . Moreover, these proteins can bind DNA, as demonstrated by filter-binding and gel-shift assays (Gilad et al., 1997; Cakir et al., 2003) . Several ASR genes have been identified from various species of dicotyledonous and monocotyledonous plants (Maskin et al., 2001) . However, no ASR-like gene was found in Arabidopsis (Arabidopsis thaliana). All known ASR genes contain two highly conserved regions. The first region contains a stretch of His residues at the N terminus, possessing sequence-specific Zn
21
-dependent DNA binding activity (Kalifa et al., 2004a) . The second region is a large part of the C-terminal sequence, often containing an NLS (Cakir et al., 2003) .
The expression of ASR genes varied in pattern and specificity in different species, such as the fruit of tomato, pummelo (Citrus maxima), apricot (Prunus armeniaca), and grape (Iusem et al., 1993; Canel et al., 1995; Mbeguie-A-Mbeguie et al., 1997; Cakir et al., 2003) , the tubers of potato (Solanum tuberosum; Silhavy et al., 1995; Schneider et al., 1997) , the roots of pine and tomato (Amitai-Zeigerson et al., 1994; Chang et al., 1996) , the leaves or stems of potato, rice (Oryza sativa), and maize (Zea mays; Silhavy et al., 1995; Riccardi et al., 1998; Vaidyanathan et al., 1999) , and the pollen of lily (Wang et al., 1998) . The ASR genes in various species are not only involved in processes of plant development, such as senescence, fruit ripening, and pollen maturation, but also respond to abiotic stresses, such as water deficit, salt, cold, and limited light (Schneider et al., 1997; Huang et al., 2000; Maskin et al., 2001; Jeanneau et al., 2002; Kalifa et al., 2004b) .
Here, we use an overexpression approach in Arabidopsis to provide evidence on the biological role of LLA23 proteins against dehydration. Constitutive expression of the lily ASR under the cauliflower mosaic virus 35S promoter displays a reduced sensitivity toward ABA during seed germination, dormancy, and stomatal closure. The LLA23-overexpressing plants display altered expression of ABA/stress-regulated genes. Additionally, 35STLLA23 transgenic plants exhibit markedly enhanced drought and salt resistance. These results may suggest a dual role of LLA23, acting as a regulator as well as a protective molecule upon water deficit.
RESULTS

Growth Phenotypes of LLA23 Overexpression Plants
To examine the protective function of LLA23 proteins, we used an overexpression approach. The coding region of LLA23 was fused to the cauliflower mosaic virus 35S promoter, and the construct (Fig. 1A ) was used to transform Arabidopsis (ecotype Columbia [Col] ) plants. T 1 and T 2 kanamycin-resistant lines were recovered. There were five T 3 homozygous lines, of which two with higher LLA23 expression levels were selected for more detailed analysis. When grown in the absence of ABA, the 35STLLA23 transgenic lines did not display any visible phenotypic alteration compared with the Arabidopsis wild-type plants of 2 weeks old (Fig. 1B) . Northern analysis confirmed that the transcripts were present in leaf tissue of both transgenic plants harvested at 2 weeks, whereas no expression was detected in wild-type plants, as expected (Fig. 1C) . The LLA23 protein was also determined in extracts from the same tissues. As shown in Figure 1D , the protein was detected in seedlings of both transgenic plants. No protein was detected in wild-type plants.
Constitutive Expression of LLA23 in Arabidopsis Reduced ABA Sensitivity in Seeds
The specific induction of LLA23 expression by ABA in lily pollen (Wang et al., 1998) prompted us to test if LLA23 overexpression in Arabidopsis would affect ABA sensitivity. Under unstressed conditions, LLA23-overexpressing seeds germinated twice faster than wild-type seeds after they were water imbibed in the dark for 3 d at 4°C. At 36 h germination, 22% of LLA23-overexpressing seeds germinated, whereas only 9% of wild-type seeds germinated. Seed germination in media supplemented with ABA of 35STLLA23 transgenic plants is shown in Figure 2A . After 3 d acclimation, wild-type seeds were partially inhibited to emerge radicles (germination) at 1 mM ABA and completely inhibited at 5 mM ABA. Seeds that emerge radicles subsequently develop green and expanded cotyledons. In contrast, 35STLLA23 seeds were able to germinate and grow at 1 mM ABA, whereas they only germinated at 5 mM ABA and postgermination are inhibited. Therefore, they showed reduced sensitivity to ABA. We further compared the germination and growth of gin1-3 and abi4-1 mutants and wild-type seeds with that of 35STLLA23 transgenics in media supplemented with various concentrations of ABA (Fig. 2B) . The gin1-3 mutant is ABA deficient and allelic to aba2 in which ABA biosynthesis is impaired, whereas abi4-1 is an ABA-insensitive mutant in which the transduction pathway of ABA signaling is blocked. The percentage of germination in the wild type decreased as ABA concentration increased. An addition of 5 mM ABA decreased the percentage of germination in the wild type to 9%, similar to the gin1-3 mutant, whereas both 35STLLA23C and 35STLLA23E transgenic seeds reached 34% and 49% germination, respectively. Therefore, the lily ASR overexpression confers an intermediary level of germination situated between that of abi4-1 mutants on the one hand and those of the wildtype and gin1-3 mutants on the other hand (Fig. 2B ). Constitutive expression of LLA23 in transgenic seeds significantly reduced ABA sensitivity.
When freshly released from the mother plant, Arabidopsis seeds display primary dormancy. Seeds are unable to germinate without the help of dormancybreaking agents such as acclimation. To determine the degree of dormancy of 35STLLA23 seeds, we compared the germination percentage of the seeds harvested at the same time after different acclimation periods (0, 48, and 96 h) with those of the wild-type plants and ABArelated mutants that produce nondormant (gin1-3) or weak dormant (abi4-1) seeds. As shown in Figure 3 , the two 35STLLA23 seeds exhibited a significantly reduced dormancy compared with the wild type. In the absence of acclimation at 4°C, 35STLLA23 seeds were able to germinate, reaching 50% germination, which was very similar to that of abi4-1 mutants. It indicated that the two 35STLLA23 transgenics exhibited weak dormancy; they have lost some, but not all, dormancy as a result of the LLA23 protein involved in modulating ABA signaling.
35STLLA23 Seeds Exhibit Resistance to Salt and Osmotic Stresses
High concentrations of salt inhibit the germination of Arabidopsis (Werner and Finkelstein, 1995; Quesada et al., 2000; Zhu, 2000) . Several studies show that ABA plays a role in the inhibition process. It is believed that ABA, whose level increases under high salt conditions, promotes the inhibition process (Zhu, 2002) . To test whether the reduced sensitivity of ABA resulted from LLA23 overexpression is also effective against ABAmediated stresses that increase ABA levels, we analyzed the seed germination response of 35STLLA23 transgenic lines under various concentrations of NaCl and mannitol, respectively, and compared it with those of wild-type and mutant plants. As shown in Figure 4 , the germination of abi4-1 and gin1-3 mutant plants was not affected even under the highest concentrations of 60 mM NaCl or 300 mM mannitol. In contrast, the germination of wild-type and 35STLLA23 seeds decreased as NaCl or mannitol concentration increased. The addition of 60 mM NaCl decreased the percentage of germination in the wild type to 20%, whereas both 35STLLA23C and 35STLLA23E seeds retained 70% (LLA23C) or 65% (LLA23E) germination under the same conditions (Fig. 4A) . In a parallel experiment, the 35STLLA23 seeds responded to mannitol in a similar manner (Fig. 4B ). At the concentration of 300 mM mannitol, the germination efficiency of the wild type dropped to 10%, whereas the transgenic seeds retained 56% (LLA23C) or 51% (LLA23E) germination efficiency. Thus, in agreement with the salt and osmotic resistance phenotype of ABA-deficient or ABA-insensitive mutants, both LLA23 overexpression seeds are osmotolerant, resulting in salt and osmotic resistance at the germination/young seedling stage, although the resistance to salt and osmotic stresses was not as strong as ABA-related mutants.
While germination and growth of 35STLLA23 seeds were affected significantly by 60 mM NaCl, their response to the same concentration or twice the concentration of mannitol (120 mM), which gave the same osmotic pressure, was normal (Fig. 4B) . Thus, in addition to the effect of osmosis, reduced sensitivity of 35STLLA23 seeds appeared to be ionic in nature.
35STLLA23 Plants Improve Drought Resistance and Delay and Reduce Their ABA Responses
The growth and development of LLA23-overexpressing plants in soil in the growth chamber without stress appeared normal, as shown in Figure 5 , A and B. When the transgenic wild-type plants and an aba mutant, gin1-3, were sprayed with 5 mM ABA, it showed that .60% of 35STLLA23 stomata became closed compared to 89% of both wild-type (116/131) and gin1-3 (102/115) stomata. Therefore, 35STLLA23 plants can be properly induced by ABA, but their responses to ABA are not as effective as wild-type plants, indicating the involvement of LLA23 proteins in ABA signaling.
When the soil was allowed to dry by withholding water, 48% of both 35STLLA23 plants and 84% of the wild-type plants became wilted 12 d after the withdrawal of water (Fig. 5C ). The two 35STLLA23 lines that remained upstanding did not begin to wilt until 16 d after the withdrawal of water (data not shown). When the wilted plants were rewatered afterward, only 5% of the wilted wild-type plants recovered, whereas .50% of both wilted 35STLLA23 lines survived to maturity (Fig. 5D ). To minimize variations, transgenic and wild-type plants were grown on soil in the same container and that also led to the same result (data not shown), in which 35STLLA23 transgenic plants survived the drought conditions better than the wild-type plants. Corroborating data were obtained when the rate of water loss from detached leaves of wild-type and LLA23-overexpressing plants was compared. The leaves tested were of similar size and age. Leaves of transgenic plants overexpressing the LLA23 protein had lower rates of water loss than that of wildtype plants (Fig. 5E ). (Fig.  5F ). The unexpected observation of stomatal opening was further checked by measuring the levels of ABA of both plant types. Correlated with the opening of 35STLLA23 stomata, the transgenic plants did not appreciably increase their ABA levels upon drought stresses for 12 d, similar to that of the wild-type plants at normal growth conditions (Table I ). In contrast, the level of ABA in wild-type leaves significantly increased approximately 10-fold under drought stresses as compared with the unstressed conditions. It clearly indicated that due to the presence of LLA23 proteins, the response to ABA was delayed in the transgenic plants upon water deficit. Instead, the LLA23 protein functions as a water-retaining molecule that confers drought resistance on 35STLLA23 plants based on the drought test of transgenic lines in which leaves of these plants overexpressing LLA23 protein had lower rates of water loss than wild-type plants (Fig. 5E) , while 35STLLA23 stomata remained open upon drought stresses for 12 d. The protective concept of LLA23 as a water-retaining molecule is further in agreement with the osmotic potential assays in which 35STLLA23 leaves show 21.30 and 20.97 MPa, respectively, the levels not appreciably changed upon drought stress for 12 d when compared with that in unstressed wild-type plants (Table I) . Nevertheless, if these plants were continued to withhold water for additional 4 d, most 35STLLA23E stomata (87%) became closed (Fig. 5F ). Moreover, transgenic plants began to wilt and their ABA levels in leaves markedly increased, although the increase of ABA levels in 35STLLA23 plants was reduced (Table I) .
In addition to the marked differences of ABA level and stomatal change in opening/closure, transgenic plants at 12 and 16 d from water holding are apparently different in appearance. Most LLA23-overexpressing plants remain upstanding at 12 d, while all of them are wilted at 16 d from water holding. Moreover, leaves of LLA23-overexpressing plants remain green and normal at 12 d, while they turn yellowish and wrinkle 16 d after the withdrawal of water.
Taken together, these results suggested that under drought stresses for 12 d, an ABA response was delayed in LLA23-overexpressing plants. The LLA23 proteins possess water-retaining ability that makes 35STLLA23 plants not perceive drought stresses; consequently, the level of ABA in transgenic lines is kept as low as wild-type plants. Since the level of ABA did not increase in plants, their stomata remained open. It did not increase until severe drought conditions (16 d from water holding) were applied. However, the induced level of ABA in 35STLLA23 plants at 16 d from water holding was lower than that in wild-type plants, also suggesting a potential influence of LLA23 proteins in ABA signaling.
Salt Resistance of 35STLLA23 Plants
Plants of 35STLLA23 and wild type (Fig. 6A ) also were examined in the growth chamber for resistance to NaCl. The growth and development were reduced in both wild-type and transgenic plants, but the reduction is more severe in wild-type plants than in transgenic lines when socked in a solution containing 400 mM NaCl every 3 d for 2 (Fig. 6B ) and 3 weeks (Fig.  6C) . Compared with wilted wild-type plants, 35ST LLA23E plants showed a reduced inhibition of plant growth and remained upstanding on the soil. 35ST LLA23C plants also displayed a similar phenotype to 35STLLA23E plants after salt treatments (data not shown). The stem weight and length of both transgenic lines are heavier and longer than those of wildtype plants. Also, the number of siliques in both 35ST LLA23 transgenics is more than that of wild-type plants (Fig. 6D) . Thus, these results demonstrate that both 35STLLA23C and 35STLLA23E transgenic plants exhibit significant resistance to salt.
Expression of ABA/Stress-Responsive Genes in 35STLLA23 Plants
To examine the regulatory roles of LLA23 in planta, the expression of various ABA/stress-responsive genes in 35STLLA23 plants was determined using quantitative RT-PCR (Q-PCR). With or without an addition of 5 mM ABA, the transcript levels of a number of ABAregulated genes were enhanced in 35STLLA23C and 35STLLA23E transgenic lines compared to the wildtype plants. These include RD29b (Yamaguchi-Shinozaki and Shinozaki, 1994) and KIN2 (Kurkela and BorgFranck, 1992 ), whose expression is induced by ABA and abiotic stresses. Meanwhile, the RNA level of some ABA/stress-responsive genes was down-regulated in 35STLLA23 plants, also suggesting LLA23 mediated stress-responsive ABA signaling. These include an alcohol dehydrogenase gene, ADH1 (de Bruxelles et al., 1996) , and a cold-regulated gene, COR15a (Lin and Thomashow, 1992) , but the expressed level of COR15a did not change in the absence of ABA. With or without the addition of ABA, the RNA level of d (1)-pyrroline-5-carboxylate synthetase 1 (P5CS1) did not appreciably change in 35STLLA23 plants, suggesting that the synthesis of Pro in transgenic lines remained the same as wild-type plants. P5CS1 is the rate-limiting enzyme in the biosynthesis of Pro (Yoshiba et al., 1999) .
DISCUSSION
In our previous reports (Wang et al., 1998; Huang et al., 2000) , we described a lily-pollen-specific LLA23 cDNA that encodes a hydrophilic protein with a calculated molecular mass of 16 kD and a pI of 6.1. The lily LLA23 protein is a member of the ASR protein family. Although ASR proteins are present in various organs of a large variety of plant species (Cakir et al., 2003) , no ASR homolog exists in Arabidopsis. The relatively different M r s, specific localization within cells, and the presence of ASR in various organs may indicate diversities in function.
LLA23 Is a Regulator of the ABA-Response Pathway
Signal transduction pathways that operate in a cell require positive and negative regulators for a proper control. In this study, there are several lines of evidence that strongly indicate LLA23 as a regulator. First, Figure 7 . Q-PCR analysis of selected genes expressed in 35STLLA23 plants. RNA levels of drought/stress-responsive genes were determined by Q-PCR using total RNAs isolated from 2-week-old plants grown on MS plates with or without the addition of 5 mM ABA. The data were obtained from three biologically independent experiments. Error bars represent SD. Detector probes: RD29b, KIN2, ADH1, COR15a, and P5CS1.
35STLLA23 seeds show reduced sensitivity to ABA. While the germination of wild-type Arabidopsis seeds is suppressed by 5 mM ABA, LLA23-overexpressing seeds emerge radicles under these conditions (Fig. 2) . Second, the two 35STLLA23 lines display a reduced dormancy compared with the wild type, very similar to that of the abi4-1 mutant (Fig. 3) . Third, 35STLLA23 seeds and plants exhibit resistance to salt, osmotic, and drought stresses (Figs. 4-6 ). Fourth, the induced level of ABA in both 35STLLA23 leaves is reduced in 35STLLA23 plants at 12 d from water holding when compared with that in stressed wild-type plants (Table I) . Finally, 35STLLA23 lines display altered expression of ABA/ stress-regulated genes. With or without an addition of 5 mM ABA, the expression of some ABA/stress-responsive genes in 35STLLA23 lines is down-regulated, while a number of them are up-regulated when wild-type plants with the same ABA addition are compared (Fig. 7) . Although the apparent inconsistencies of ABA responsiveness are not easily explained, they are not without precedent (Kang et al., 2002; Kim et al., 2004) . Transcripts of PC5S1, however, do not increase their levels of accumulation in 35STLLA23 plants, although Pro is usually found in abundance in stressed plants. Proline was reported to accumulate in tobacco plants overexpressing tomato ASR1 under salt stresses (Kalifa et al., 2004b) .
The notion that LLA23 as a regulator is reinforced by the demonstration of nuclear-targeting of LLA23 by its NLS (Wang et al., 2005) . A grape ASR protein was reported to act as part of a transcription-regulating complex involved in ABA and sugar signaling (Cakir et al., 2003) . It is correlated with a recent report where tomato ASR1 is likely involved in the regulation of several water-or salt-stress-modulated gene expression (Kalifa et al., 2004b) . Currently, we have found that the transgenic plants overexpressing LLA23 reveal reduced sensitivity to 6% Glc (C.Y. Yang, Y.C. Chen, and C.S. Wang, unpublished data). Thus, the LLA23-overexpressing plants related to sugar signaling should warrant further investigation.
LLA23 Plays a Protective Role under Drought and Salinity Environments
Arabidopsis transgenic lines overexpressing LLA23 confer improved resistance to water deficit and salt (Figs. 5 and 6 ). It is rationale to suggest that 35STLLA23 plants possess two levels of protection against drought. The ground level of protection comes from the high hydrophilicity of the LLA23 protein that may display enhanced water-retaining ability. The water-retaining ability of LLA23 is also reflected by the fact that 35ST LLA23 leaves have a little change of osmotic potential 12 d after the withdrawal of water (Table I) . Other osmoprotective molecules possibly induced upon drought may also exist in the transgenic plants. In fact, a number of ABA/stress-responsive genes, such as RD29b and KIN2, are up-regulated in 35STLLA23 plants (Fig. 7) . Additionally, the presence of LLA23 proteins in abundance in the maturing pollen of lily plants as well as in 35STLLA23 plants (Fig. 1D) corroborates the concept that LLA23 acts as a protective molecule. Like LLA23, LEA proteins have been hypothesized to play a potential protective role under unfavorable environments based on their high average hydrophilicity. Constitutive overexpression of LEA proteins reported by several studies exhibits a significant increase in their tolerance to dehydration, salt, or freezing conditions (Xu et al., 1996; Jaglo-Ottosen et al., 1998; Ndong et al., 2002) .
The secondary level of protection comes from the regulatory properties of LLA23 proteins as described previously. The expression of RD29b and KIN2 is upregulated in 35STLLA23 plants, suggesting that LLA23 mediates stress-responsive ABA signaling. The LLA23 protein that acts as a regulatory factor is also supported by a recent report in which the ASR protein is recognized as a transcription factor (Carrari et al., 2004) . Kalifa et al. (2004b) also reported that tomato ASR1 is probably involved in the regulation of several water-or salt-stress-modulated gene expression. Other reports have shown that overexpression of transcription factor genes improves stress tolerance (Jaglo-Ottosen et al., 1998; Kasuga et al., 1999; Villalobos et al., 2004) . When the soil is dried for 12 d, a rising level of ABA does not occur (Table I) . Consequently, 35STLLA23 stomata remain open at 12 d after the withdrawal of water. As 35STLLA23 plants appear drought resistant, the response to ABA at the meantime is delayed in these plants. Thus, it results in a seemingly contradictory observation that 35STLLA23 stomata remain open upon drought. Since ABA does not increase at 12 d from water holding, the transcript levels of those genes examined do not appreciably change (Fig. 7) , suggesting that the drought-resistant property of 35STLLA23 plants is likely attributed to the waterretaining ability of LLA23.
If dehydration goes worse, would the LLA23-overexpressing plants perceive drought stresses? As Table II . Primers used for Q-PCR analyses F, Forward primer; R, reverse primer.
Gene Name Sequence (5# to 3#) RD29b F: GTG AAG ATG ACT ATC TCG GTG GTC R: GCC TAA CTC TCC GGT GTA ACC TAG KIN2 F: GAG ACC AAC AAG AAT GCC R: TCG GAT CGC TAC TTG TTC ADH1 F: TCC ACG TAT CTT CGG CCA TG R: TAG CAC CTT CTG CAG CGC C COR15a F: GGT GAG AAA GCG AAA GAC R: ATG AAG AGA GAG GAT ATG P5CS1 F: GTG GCT CGC TTA GTT ATG R: GGA ATG TCC TGA TGG GTG ACTIN F: CAT CAG GAA GGA CTT GTA CGG R: GAT GGA CCT GAC TCG TCA TAC expected, when the soil is allowed to withhold water for an additional 4 d, they begin to respond to water deficit and their ABA levels are markedly induced in transgenic leaves, resulting in stomatal closure (Fig. 5F ). The increase of ABA levels also changes the expression patterns of several genes examined and that alteration is mediated by LLA23 in 35STLLA23 plants (Fig. 7) . However, the level of ABA in both 35STLLA23 leaves is somewhat reduced at 16 d from water holding ( Table I) . The reduced ABA inducibility may be attributed to the regulation of LLA23 in ABA signaling. The reduction of ABA sensitivity occurs not only in plants but in seeds of 35STLLA23 transgenics. Constitutive expression of LLA23 in transgenic seeds significantly reduced ABA sensitivity during dormancy and germination tests of various unfavorable conditions (Figs. 2-4 ).
MATERIALS AND METHODS
Plant Growth and Inoculation
Arabidopsis (Arabidopsis thaliana) plants (Col ecotype) were used in this study. gin1-3, an ABA-deficient mutant, was obtained from Dr. W.-H. Cheng (Institute of Botany, Academia Sinica, Taipei, Taiwan) and abi4-1, an ABAinsensitive mutant, from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH), and their phenotypes were confirmed before use. Wild-type and mutant seeds (at least 50 seeds each) were sterilized and kept for 4 d at 4°C in the dark to break dormancy. Seeds were grown at 22°C under long-day conditions (16-h-light/8-h-dark cycle) aseptically or on soil. For soil growth, seed were sown on a 1:1:8 mixture of vermiculite, perlite, and peat moss irrigated with water and transferred to normal growth conditions. Unless stated otherwise, the plants were watered every other day.
Constructs and Arabidopsis Transformation
To generate the construction, the LLA23 cDNA was amplified by PCR using pLLA23 cDNA (Huang et al., 2000) as a template using a 5#-primer (5#-CGCGGAGAGTCGACGCAGTCGGAG-3#) and 3#-primer (5#-CGCGG-ATCCCCATCTCGATCTCTTGCAG-3#) pair. The two primers each contain the BamHI recognition site. The resulting PCR fragment of LLA23 was digested with BamHI and subcloned into pBI121 vector (BD Biosciences Clontech) that also was digested with BamHI. The coding sequence of LLA23 in the construct was verified by DNA sequencing before subcloning. Transformation of Arabidopsis was according to the vacuum infiltration method (Bechtold et al., 1993) using Agrobacterium tumefaciens strain LBA4404. Seeds were harvested and plated on kanamycin selection medium (50 mg mL 21 ) to identify T 1 transgenic plants. T 3 progenies homozygous for kanamycin resistance were used for further studies.
Seed Germination
Wild-type and mutant seeds (at least 50 seeds each) were aseptically treated with 70% ethanol for 5 min and then with 10% household bleach for 30 min, washed four times with sterile water, and water imbibed in the dark for 3 d at 4°C. To measure ABA sensitivity, seeds were then sown directly on the surface of filter papers soaked with MS solution containing 13 Murashige and Skoog basal salt mixture (Murashige and Skoog, 1962) with B5 vitamins and 0.05% (w/v) MES and placed at 22°C with a 16-h light photoperiod. Various concentrations of NaCl, mannitol, or ABA were added where indicated. The number of germinated seeds was expressed as a percentage of the total number of seeds plated. Unless indicated otherwise, three replicate plates were used for each treatment.
Drought and Salt Treatments and Measurements of ABA and Osmotic Potential
For drought treatment, 3-week-old soil-grown plants were withheld completely from water for 12 d. The number of wilted plants was scored and is expressed as the percentage of the total plants. Wilted plants then were given water again (on day 13), and the number of recovered plants that fully regained turgor and resumed growth was scored after an additional 4 d (day 16) and is expressed as the percentage of the total plants wilted. For salt treatment, 1-month-old plants grown in each pot (250 cm 3 ) were socked in 400 mM NaCl solution (200 mL per pot) freshly prepared every 3 d, and plants were continuously socked for 2 or 3 weeks. Shoot fresh weight and length and silique number after salt treatment were counted. Ten plants of each genotype and three replicates each were used. Photographs were taken at the end of treatment.
To examine guard cells, leaves excised from wild-type and transgenic lines with or without drought treatment were placed on slides abaxial side up immediately after excision, and photographs were taken. Rosette leaves were excised from wild-type and transgenic lines under drought treatment as described above. ABA measurement is according to the method of Xiong et al. (2001) . Briefly, 1 g of the frozen tissue was suspended in 15 mL of extraction solution containing 80% methanol, 100 mg L 21 butylated hydroxytoluene, and 0.5 g L 21 citric acid monohydrate. The suspension was stirred overnight at 4°C
and centrifuged at 1000g for 20 min. The supernatant was transferred to a new tube, dried under vacuum, and dissolved with 100 mL of methanol and 900 mL of Tris-buffered saline (50 mM Tris, 0.1 mM MgCl 2 Á6H 2 O, and 0.15 M NaCl, pH 7.8). ABA concentration in the solution was determined using the Phytodetek ABA immunoassay kit (Idetek). The osmotic potentials of expressed leaf sap were measured with a vapor pressure osmometer (Wescor model 5520) using sodium chloride solution as standards at 25°C. The chamber was equilibrated for a period of time before taking measurements, and the stability of the instrument during the measurement period was tested in each experiment.
RNA-Blot Analysis
Total RNA was extracted from leaves of Arabidopsis using the Ultraspec RNA isolation system (Biotecx Laboratories). RNA samples were electrophoresed in 1.0% formaldehyde-MOPS gels using standard procedures (Sambrook et al., 1989) and transferred onto nylon membranes. The membranes with immobilized RNA were prehybridized for 4 h at 42°C in medium containing 53 SSC (1 3 SSC is 0.15 M NaCl and 15 mM sodium citrate), 0.1% polyvinylpyrrolidone, 0.1% ficoll, 20 mM sodium phosphate, pH 6.5, 0.1% (w/v) SDS, 1% Gly, 50% formamide, and 150 mg mL 21 of denatured salmon sperm DNA. For hybridization, the prehybridization solution was removed and replaced with hybridization buffer that contained the same components as the prehybridization buffer except for the addition of 1% Gly, denatured salmon sperm DNA (100 mg mL 21 ), and random-primed 32 P-labeled LLA23 cDNA (specification 8.0 3 10 8 cpm mg 21 ). Hybridization was carried out at 42°C overnight with constant agitation. The membranes were washed at 42°C twice in 23 SSC, 0.1% (w/v) SDS for 20 min followed by twice in 0.13 SSC, 0.1% (w/v) SDS at 60°C for 20 min. The membrane was exposed to x-ray films (Konica AX) using one or two intensifying screens (DuPont).
Quantitative RT-PCR
For real-time Q-PCR, the cDNA was amplified in the presence of SYBR Green I Nucleic Acid Stain (Cambrex 50513) 10,0003 dilution from stock using a Rotor-Gene 3000 (Corbett). Amplification of actin cDNA under identical conditions was used as an internal control to normalize the level of cDNA. The data obtained were analyzed with Rotor-Gene 6 software (Corbett). Since SYBR Green I dye binds to the minor groove of any doublestranded DNA, including specific products, nonspecific products, and primer dimers, it is necessary to perform a melting curve analysis at the end of each Q-PCR experiment. Nonspecific products or primer dimers can be identified as they melt at a lower temperature compared to the specific amplicon. Specific temperatures obtained for ACTIN (89°C), KIN2 (91°C), RD29b (88°C), COR15a (88°C), P5CS1 (88°C), and ADH1 (88°C) validated the specific product formation. Primers used in the Q-PCR reactions are listed in Table II . Q-PCR experiments were repeated three times independently, and the data were averaged.
Protein Preparation, Electrophoresis, and Immunoblotting
Phenol extraction of total protein was performed according to Wang et al. (1992) . The seedlings of the wild type and mutants were ground into a fine powder in liquid nitrogen with a mortar and pestle. Protein concentration was determined by the dye binding Bio-Rad protein assay according to the supplier's instructions. Total protein was fractionated by SDS-PAGE and either stained with Coomassie Blue or electroblotted onto nitrocellulose (0.45 mm; Gelman Sciences; Wang et al., 1996) . Blots were immunostained using a 1:1,000 dilution of anti-LLA23 rat antiserum raised against LLA23 proteins (Wang et al., 1998) purified from two-dimensional PAGE.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number AF077629.
